In dogs with chronic thoracic caval constriction, renal denervation was followed by a fall in plasma renin activity from an average of 82.1 ± 1.5 (SE) ng angiotensin/ml of plasma over a 9-day control period to 40.8 ± 2.3 ng/ml for a 13-day period after denervation (P < 0.001); normal value was 4.7 ± 0.7 ng/ml. There was no detectable effect of renal denervation on the marked sodium retention. Thus the renal nerves contributed to the high plasma renin activity during caval constriction, but renal innervation was not essential for hypersecretion of renin. In a second group of dogs with caval constriction, the nonfiltering kidney model with a nonfunctional macula densa was produced, and renin secretion was measured before and after papaverine infusion into the left renal artery. Papaverine decreased renin secretion from 1090 ± 185 ng angiotensin/min to 497 ± 140 ng/min ( P < 0.005). This initial rate of renin secretion of 1090 ng/min was higher than that from a nonfiltering left kidney of 190 ± 50 ng/min in otherwise normal dogs (P < 0.001). In a third series of dogs with caval constriction but with filtering kidneys, papaverine produced a similar decrease in renin secretion and an associated increase in sodium excretion. Since papaverine dilated the renal arterioles and the macula densa was nonfunctional in dogs with a nonfiltering kidney, these data support the concept that an intrarenal vascular receptor mediates the elevation in renin secretion in this model with chronic ascites. The striking decrease in renin secretion in response to intrarenal propranolol in dogs with either a filtering or a nonfiltering kidney indicates that a beta receptor is also involved.
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• The mechanisms of salt and water retention and ascites formation have been studied extensively (1) (2) (3) (4) (5) (6) (7) in dogs with constriction of the thoracic inferior vena cava. This model has also been used to explore the mechanisms responsible for increased plasma renin activity (8) and hyperaldosteronism (9) (10) (11) in lowoutput heart failure. Dogs with thoracic caval constriction have a low cardiac output (1, 5, 6 ), which appears to initiate a sequence of changes leading to increased renin secretion (11) . Although congestive heart failure per se does not develop in dogs with caval constricFrom the Department of Physiology, University of Missouri School of Medicine, Columbia, Missouri 65201.
Received January 20, 1972 . Accepted for publication June 27, 1972. tion, extensive observations (1, 2, (8) (9) (10) (11) (12) 19) have demonstrated that the mechanisms of salt and water retention are essentially the same in this preparation and in dogs with true cardiac failure.
Since the papers of Peters in 1952 (13) , it has been proposed many times that the decreased cardiac output in cardiac failure activates a so-called "volume receptor" which leads to sodium retention by the kidney. Several years ago, it was suggested (11, 12) that such a receptor is located in the renal afferent arterioles and juxtaglomerular cells of the kidney in heart failure and leads to release of renin. The present experiments provide support for this concept.
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the so-called baroreceptor mechanism in renin release. In this model, the macula densa is rendered nonfunctional as an intrarenal receptor; since there is no glomerular filtration, changes in the renal tubular load or concentration of sodium at the macula densa cannot influence renin secretion. The renal nerves and adrenal medulla were also eliminated as possible influences on renin secretion by performing the study in adrenalectomized dogs with a denervated, nonfiltering kidney. Such preparations responded to both hemorrhage and suprarenal aortic constriction with an increase in renin secretion. It was suggested (14, 15) that an intrarenal vascular receptor is located in the renal afferent arterioles at the level of the juxtaglomerular cells and responds to a change in wall tension with the resultant increase in renin secretion.
In the present study, renin secretion was measured in the nonfiltering kidney model in dogs with chronic caval constriction to evaluate the importance of the renal vascular receptor mechanism in renin release. Papaverine, which is known to abolish renal autoregulation (16) , an afferent arteriolar function, was infused intrarenally in dogs with chronic caval constriction in both the nonfiltering and filtering kidney models. Also, the response to intrarenal propranolol was studied in both the filtering and nonfiltering kidney, and the effect of chronic renal denervation on plasma renin activity was evaluated in dogs with thoracic caval constriction. The present observations provide the first available data on renin secretion per se and on the mechanisms involved in control of renin release in a model which simulates chronic edematous states in man.
Methods

Experiment 1: Effects of Chronic Renal
Denervation.-The thoracic inferior vena cava was constricted under sterile conditions (1) in six female mongrel dogs weighing 17-22 kg. After surgery, the dogs were placed in metabolic balance cages, and urine was collected daily for measurements of sodium and potassium excretion. Sodium and potassium intakes were 68 and 58 mEq/day, respectively. After it had been determined that the caval ligature was sufficiendy tight to produce chronic sodium retention, blood samples were obtained daily from an external jugular vein for measurement of plasma renin activity, and urinary sodium and potassium excretion was measured daily. After 9 days, both kidneys were denervated under sterile conditions by surgically removing all visible nerve tissue around the renal vessels and painting the vessels with a 5% phenol solution. Studies were continued for 13 days after denervation. At this time the dogs were killed and samples of the renal cortex were removed, frozen in liquid nitrogen, and later analyzed for norepinephrine. Plasma renin activity was studied in six normal dogs under the same conditions and on the same diet.
Experiment 2: Effects of Intrarenal Papaverine in the Nonfiltering Kidney Model.-Six dogs with chronic caval constriction, sodium retention, and ascites were prepared as in experiment 1. Approximately 1 week after caval constriction, the nonfiltering kidney model was produced as described previously (14, 15) . Under sterile conditions, the left kidney was subjected to 2 hours of renal artery occlusion and the left ureter was ligated and sectioned. Two or 3 days later, the right kidney was removed, and subsequently no food was given to the animal. On the following morning the animal was again anesthetized with sodium pentobarbital and catheters were placed in the right femoral artery and vein and in the left renal vein via the ovarian vein, and a noncannulating flow probe (Carolina Electronic Instruments) was placed on the left renal artery. A 25-gauge hypodermic needle was inserted into the left renal artery and a 0.9% saline infusion was begun at 0.5 ml/min. The animal was allowed to recover from this surgery for an hour before beginning the experiment. Initially, two sets of control samples were obtained; this included arterial and renal venous blood for renin and hematocrit, and plasma for sodium and potassium measurements. Inferior vena caval pressure was measured. Papaverine HC1 in saline was then infused into the renal artery at 0.5 ml/min in an attempt to obtain a maximum increase in renal blood flow with a minimum decrease in arterial pressure. Arterial pressure was measured in the aorta by means of the femoral catheter. The dose of papaverine required to accomplish this ranged from 2 to 8 mg/min with an average dose of 5 mg/min. After the dose of papaverine was ascertained, the papaverine infusion was continued for 15 minutes before the first experimental 15-minute period was begun. Blood samples for renin were obtained at 30 and 45 minutes after the papaverine infusion was begun. The infusion solution was then changed to saline and the dog allowed to recover for 1 hour, At this time, two blood samples for renin were obtained.
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Experiment 3: Effects of Intrarenal Papaverine in the Filtering
Kidney.-Six dogs with thoracic caval constriction, sodium retention, and ascites were studied. The right kidney was removed on the day before the acute experiment. The experimental plan described for experiment 2 was used except for the following additions. The ureter was catheterized and the catheter was pushed into the renal pelvis for collection of urine. The left femoral vein was catheterized for infusion of creatinine to measure creatinine clearance (C CI .). Renin secretion, sodium and potassium excretion, plasma sodium and potassium concentrations, and venous pressure were also measured; the periods were 15 minutes in length. After two control periods, the intrarenal arterial infusion of papaverine was begun; again, an attempt was made to increase renal blood flow with little or no change in arterial pressure.
After ascertaining the rate of papaverine infusion and after 15 minutes of additional infusion, there were two 15-minute experimental periods; recovery observations were made as in experiment 2.
Experiment 4: Effects of dl-Propranolol in the Filtering and Nonfiltering Kidney Models.-
Values measured after recovery from papaverine were used as controls, and rfi-propranolol in normal saline was infused intra-arterially into the kidney at a rate of 0.2 mg/kg hour-1 and at 0.5 ml/min. The conditions from experiments 2 and 3 were continued. Blood samples were obtained at 30 and 45 minutes for measurement of renin. The intrarenal infusion was then changed to saline alone and the dogs allowed to recover for I hour before blood was collected for recovery observations. Arterial pressure and renal blood flow were measured continuously throughout the experiment.
At the end of the experiment, the kidneys of animals prepared with a nonfiltering kidney were studied to determine the presence or absence of glomerular filtration. The capsule of the kidney was removed in two different areas so the surface could be seen with a dissecting binocular. Lissamine gTeen dye was injected into the aorta above the renal artery. Failure of dye to appear in the surface renal tubules was evidence of cessation of glomerular filtration (14, 15) .
Analytical Methods.-The techniques for measurement of plasma renin activity have been reported previously (14, 15, 17) . Plasma renin activity is expressed as nanograrns of angiotensin II generated during 3 hours of incubation. Ten-ml samples of arterial and renal venous blood were obtained during each experimental period for determination of plasma renin activity. The samples were cooled to 4°C and the plasma removed after centrifugation. The plasma was Circidttion Rasetrch, Vol. XXXI, Stpttmht 1972 frozen and later prepared for assay of renin by the method of Schneider et al. (17) . Samples were assayed by the pressor response in the pentobarbital-anesthetized, pentolinium-blocked rat, using angiotensin II (Hypertensin, Ciba) as the standard. Renin secretion was calculated by multiplying the renal plasma flow by the renal vein plasma renin activity minus the arterial plasma renin activity. Renal cortical norepinephrine was determined by the method of Crout (18) .
Statistical analysis of paired data was performed by Student's t-test.
Result! Experiment 1: Effects of Chronic Renal Denervation On Plasma Renin Activity in
Conscious Dogs.-The results of this experiment are presented in Figure 1 . The mean of the average value over the 9-day control period for the six dogs was 82.1 ±1.5 (SE) 1 ng angiotensin/ml of plasma. Following renal denervation, plasma renin activity fell to 40.8 ±2.3 ng/ml for the 13-day period (P < 0.001). For comparison, the average value for plasma renin activity for six normal dogs studied under the same conditions and on the same electrolyte intake was 4.7 ± 0.7 ng/ml (P < 0.001 compared with the postdenervation data). Denervation had no effect on renal sodium excretion; marked sodium retention and ascites formation continued. Denervation was apparently complete, since analyses of the renal cortex of these dogs for norepinephrine showed an average value of 0.014 ± 0.002 /xg/g of tissue compared with a normal value of 0.29 ± 0.04 ng/ g of kidney (P < 0.001).
Experiment 2a:-Renin Secretion in the Nonfiltering Kidney of Dogs with Thoracic
Caval Constriction.-The data obtained during the control period before infusion of papaverine was begun in the dogs with caval constriction were compared with data similarly obtained from normal dogs (14) (Fig. 2) . The rate of renin secretion was 1090 ± 185 ng angiotensin/min for the nonfiltering kidney of dogs with caval constriction. This was more than five times greater than the value of 190 ± 50 ng angiotensin/min for renin secre- Effects of bilateral denervation of the kidneys on plasma renin activity and renal sodium excretion in dogs with thoracic caval constriction.
tion by the nonfiltering kidney in otherwise normal dogs (P<0.001). The average values for mean arterial pressure and mean renal blood flow were 107 mm Hg and 44 ml/min for the dogs with caval constriction and a nonfiltering kidney. In comparison, the normal dogs with nonfiltering kidneys had an arterial pressure of 142 mm Hg and a mean renal blood flow of 94 ml/min. Therefore, renal vascular resistance was increased in the nonfiltering kidney of dogs with caval constriction.
Experiment 2b: Effects of Papaverine on Renin Secretion in Dogs with a Nonfiltering
Kidney and Caval Constriction.-Renin secretion decreased from control values of 1024 ± 166 and 1154 ± 203 ng angiotensin/min to 443 ± 161 and 549 ± 139 ng angiotensin/min during papaverine infusion (P < 0.01) (Fig. 3) . After the 1-hour recovery period, renin secretion had returned to the control level (P < 0.05). The average drop in mean arterial pressure from 107 to 97 mm Hg was significant (P < 0.05). The average increase in 
FIGURE 2
Renin secretion in dogs with nonfiltering kidneys. mean renal blood flow from 44 to 67 ml/min was also significant (P < 0.01). Arterial pressure during the recovery period was unchanged, but renal blood flow returned to the control level in five of the six dogs. Thus, renal vascular resistance decreased during papaverine and increased toward the control level during the recovery period. Inferior vena caval pressure was 166-171 mm water and did not appear to change throughout the experiment.
None of the dogs of experiments 2a and 2b showed any evidence of glomerular filtration as determined by failure of lissamine green dye to appear in surface renal tubules.
Experiment 3: Effects of Papaverine on Renin Secretion in Dogs toith a Filtering
Kidney and Caval Constriction.-The control values for renin secretion of 2712 and 2250 ng angiotensin/min are higher than those of 1024 and 1154 ng/min observed in the nonfiltering kidney (P < 0.01). During infusion of papaverine, renin secretion declined from 2712 and 2250 ng angiotensin/min to 833 and 561 ng/min (P<0.01) (Fig. 4) . After the hour recovery period, renin secretion returned toward the control level (P < 0.05). Papaverine produced a significant fall in arterial pressure (P < 0.01), and pressure returned to the control level during the recovery period (P < 0.001). Mean renal blood flow decreased slighdy in four of the six dogs, but the change for the group was not significant statistically (P>0.1). Renal vascular resistance decreased during papaverine and returned to the control level during recovery observations. Infusion of papaverine resulted in a decrease in C cr (P<0.01) (Fig. 5) , which 
RECOVERY
Effects of intrarenal arterial papaverine infusion on creatinine clearance (C C r ), renal sodium excretion (U Na V), and renal potassium excretion (U K V) in the same six dogs as in Figure 4. returned to the control level during the recovery period (P < 0.05). Since renal blood flow and hematocrit were unchanged by papaverine, the filtration fraction fell. A striking increase in renal sodium excretion from 4.9 to 65 and 52 ^Eq/min (P<0.02) resulted from papaverine infusion, and sodium excretion returned toward the control level during the recovery period (P<0.05). Potassium excretion decreased in four of the six dogs, but the decrease from 44 to 31 ^.Eq/min for the group was not significant (P>0.05); however, during the recovery period, potassium excretion increased from 31 to 46 yuEq/min (P<0.02). Inferior vena caval pressure was 190 mm water during the control period and remained at the control level throughout the experiment. (Fig. 6 ). During recovery, the values of 771 ±310 and 599 ± 171 ng angiotensin/min were observed, but the changes were not significant statistically. Arterial pressure and renal blood flow were unchanged by propranolol. In dogs with filtering kidneys, renin secretion decreased from 1717 ± 648 and 1977 ± 351 ng angiotensin/min to 528 ±227 and 709 ±243 ng/min (Fig. 7) . The 30-minute value was significant statistically (P<0.05). whereas for the 45-minute value P > 0.05. However, when the experimental values for both the 30-and 45-minute periods were averaged, the decrease was significant in comparison with the controls (P<0.05). Both recovery observations were significantly higher (P < 0.01) than the average experimental value. Arterial pressure and renal blood flow were not changed significandy by propranolol.
Experiment 4: Effects of dl-Propranolol on Renin Secretion in Dogs with
Discussion
In patients with congestive heart failure and in the present model with experimental ascites, a low cardiac output appears to initiate a sequence of changes leading to increased renin secretion, hyperaldosteronemia and salt and water retention by the kidney (19) . A decrease in renal blood flow that reflects renal arteriolar constriction is one of the most consistent findings in patients with early cardiac failure (19) and in chronic Resjionse to the intrarenal arterial infusion of dl-propranolol on arterial pressure (B.P.) in mm Hg, renal blood flow (R.B.F.) in ml/min, and renin secretion in dogs with filtering kidneys and thoracic caval constriction.
experimental models with caval constriction (1) or heart failure (19) . It has been proposed (10, 11, 13) that the juxtaglomerular cells receive a signal to release renin through a so-called "volume receptor" which is thought to exist in, or have a direct influence on, renal afferent arterioles and juxtaglomerular cells. It seemed logical to evaluate the role of the renal nerves in renin release in the present model with chronic ascites in view of the sympathetic innervation of the renal arterioles and juxtaglomerular cells and the consistent finding of renal arteriolar constriction in heart failure (1-3, 5, 6). The present data do, indeed, indicate that the renal nerves have an important contributory role in mediating the high rate of renin secretion. However, the renal nerves were not essential for a high rate of renin output, since plasma renin activity was elevated eightfold above normal in the dogs with chronic renal denervation and caval constriction. It appears, therefore, that the renal nerves modulate the control of renin secretion while other more fundamental mechanisms sustain a high rate of renin output by the kidneys.
In searching for the basic mechanism for renin release in dogs with caval constriction, the rate of renin secretion was studied in the nonfiltering kidney model and the data were compared with the rate of renin secretion by a nonfiltering kidney in otherwise normal dogs. Renin secretion was elevated fivefold in the dogs with caval constriction. This finding demonstrates that a functional macula densa is not essential for hypersecretion of renin and points to a role for the renal vascular receptor which has been reported earlier to respond to hemorrhage and to aortic constriction (14, 15) . The observation of a higher rate of renin secretion in dogs with caval constriction with a filtering kidney than in dogs with caval constriction and a nonfiltering kidney raises the question of a contributory role for the macula densa in the intact kidney. Another possible explanation for the lower rate of renin secretion by the nonfiltering kidney is that there was loss of functional juxtaglomerular cell tissue secondary to the renal ischemia CircuUion Rtiurcb, Vol. XXXI, September 1972 and ureteral ligation. The initial rate of renal blood flow was substantially greater (173 compared with 44 ml/min) in the filtering than in the nonfiltering kidney of dogs with caval constriction. It has previously been reported (20) that kidneys subjected to ureteral obstruction with the subsequent development of hydronephrosis show arteriolar constriction.
Since the intrarenal arterial infusion of papaverine has been found to block the response in renin secretion to hemorrhage in dogs with a denervated nonfiltering kidney (21) , it was decided to give papaverine intrarenally to dogs with caval constriction. The rationale for the intrarenal infusion of papaverine was provided by the experiments of Thurau and Kramer (16) , who showed that intrarenal papaverine completely blocked the renal autoregulatory mechanism. Since renal autoregulation is an afferent arteriolar function (22) and the intrarenal vascular receptor appears to be localized in the renal afferent arterioles, it seemed reasonable to use papaverine in an attempt to block the renal vascular receptor or so-called baroreceptor mechanism which leads to renin release. When papaverine was infused into the nonfiltering kidney of dogs with caval constriction, a striking decrease in renin secretion occurred in association with a decrease in renal vascular resistance. This finding provides strong additional support for the concept of an afferent arteriolar renal vascular receptor and extends our knowledge of this mechanism to the pathophysiological situation of edema formation. It seems likely that papaverine dilated the renal afferent arterioles and increased the intraluminal arteriolar pressure at the level of the juxtaglomerular cells. These observations, therefore, point to a primary pathogenic role for an intrarenal receptor which mediates the increased renin secretion in the present model with experimental ascites and also, possibly, in low-output heart failure.
To study further the response to papaverine, this substance was infused intrarenally into the filtering intact kidney of dogs with thoracic caval constriction. Again, a striking decrease in renin release occurred in association with renal arteriolar dilatation. It is interesting that renal blood flow was unchanged and that the decrease in renal vascular resistance occurred with a decrease in renal perfusion pressure. Also, it should be pointed out that there was a decrease in filtration fraction, which might reflect efferent arteriolar dilatation as well as the afferent arteriolar changes which occurred. The striking increase in renal sodium excretion was associated with a decrease in glomerular filtration rate so that decreased renal tubular reabsorprion of sodium occurred. The natriuresis might have been secondary to the decrease in filtration fraction (3). It seems likely that aldosterone secretion and plasma aldosterone fell, since renin secretion decreased and natriuresis occurred. The decrease in renin secretion probably resulted from the action of papaverine on the renal vascular mechanism as in the nonfiltering kidney; in addition, the increased sodium excretion indicates that changes in renal tubular sodium occurred and could conceivably, by way of the macula densa, have contributed to decreased renin release.
These experiments help to bring us one step closer to completing our knowledge of what happens when the cardiac output falls and renin secretion increases. The striking response to papaverine in this chronic model with sodium retention and ascites adds strong support to our original hypothesis for an intrarenal vascular receptor in the renal afferent arterioles. It seems likely that this receptor responds to changes in afferent arteriolar wall tension. In this event, several different inputs to this receptor might influence renin release. These include (1) changes in the transmural pressure gradient, (2) alterations in afferent arteriolar tone mediated by the renal nerves, (3) changes in the myogenic properties of the smooth muscle as exemplified in autoregulation, and, finally, (4) alterations in the elastic components of the arteriolar wall. Thus a decrease in the transmural pressure gradient in the afferent arterioles, increased renal sympathetic nerve impulse activity and increased circulating catecholamines as well as intrinsic factors in the arteriolar wall might stimulate the renal vascular receptor and lead to renin release in dogs with caval constriction. There is indirect presumptive evidence from the present experiments for involvement of the macula densa, but the macula densa is not essential for hypersecretion of renin in this model with chronic ascites.
The response to propranolol in dogs with caval constriction is consistent with the concept that a beta receptor is involved in the control of renin secretion in this experimental model. This finding agrees with the observations of Ganong and Tanigawa et al. (23, 24) on the importance of a beta receptor in renin release. Since papaverine is known to relax smooth muscle, it seems likely that papaverine interrupts a vascularly mediated mechanism for renin release, whereas propranolol blocks a beta receptor.
